Confocal microscopy was used to investigate the effects of manganese (Mn) and iron (Fe) exposure on the subcellular distribution of metal transporting proteins, i.e., divalent metal transporter 1 (DMT1), metal transporter protein 1 (MTP1), and transferrin receptor (TfR), in the rat intact choroid plexus which comprises the blood-cerebrospinal fluid barrier. In control tissue, DMT1 was concentrated below the apical epithelial membrane, MTP1 was diffuse within the cytosol, and TfR was distributed in vesicles around nuclei. Following Mn or Fe treatment (1 and 10 μM), the distribution of DMT1 was not affected. However, MTP1 and TfR moved markedly toward the apical pole of the cells. These shifts were abolished when microtubules were disrupted. Quantitative RT-PCR and Western blot analyses revealed a significant increase in mRNA and protein levels of TfR but not DMT1 and MTP1 after Mn exposure. These results suggest that early events in the tissue response to Mn or Fe exposure involve microtubule-dependent, intracellular trafficking of MTP1 and TfR. The intracellular trafficking of metal transporters in the choroid plexus following Mn exposure may partially contribute to Mninduced disruption in Fe homeostasis in the cerebrospinal fluid (CSF) following Mn exposure.
Introduction
Chemical homeostasis of brain extracellular fluid is maintained by two major barrier systems, i.e., the blood-brain barrier (BBB) that separates blood from brain interstitial fluid and the blood-cerebrospinal fluid barrier (BCB) that separates blood from cerebrospinal fluid (CSF). Both barriers selectively allow essential nutrients, metal ions and drug molecules to enter the brain parenchyma and selectively remove metabolic wastes and potential toxicants from brain extracellular fluid. The BCB resides within the choroid plexus, a polarized epithelium with the basolateral surface facing the blood and the apical brush border surface in direct contact with CSF. The choroid plexus epithelium plays an important role in modulating movement of chemicals including metal ions between blood and CSF (Zheng et al., 2003) . Disrupted brain iron (Fe) homeostasis leading to an Fe-initiated overproduction of reactive oxygen species and the ensuing lipid peroxidation has been associated with the etiology of Parkinson's disease (Double et al., 2000; Berg et al., 2001; Jenner, 2003) . Previous studies from this laboratory reveal that CSF Fe concentration is partly regulated by the choroid plexus. Subchronic exposure to the toxic metal, manganese (Mn), alters Fe homeostasis in the CSF, possibly by affecting one or more facilitated transport mechanisms in choroid plexus Zheng and Zhao, 2001; Li et al., 2005; Wang et al., 2006) . In this regard, three putative Fe transporters, i.e., divalent metal transporter-1 [DMT1, also know as divalent cation transporter 1(DCT1), or natural resistance-associated macrophage protein 2 (Nramp2)], metal transporter protein-1 [MTP1, also described as iron-regulated transporter 1 (IREG1), ferroportin 1, or SLC11A3 Fe transporter], and transferrin receptor (TfR), have been shown to be expressed in choroid plexus (Giometto et al., 1990; Gunshin et al., 1997; Wu et al., 2004) . The mRNA transcripts of all three transporters contain a stem-loop structure known as iron responsive element (IRE), which is located at 3′-untranslated region (UTR) of DMT1 or TfR mRNA transcripts and at 5′-UTR of MTP1 mRNA transcripts. This unique IRE-containing mRNA structure allows binding of cytosolic iron-regulatory protein-1 (IRP1) to mRNAs, providing fine regulation of the expression of these Fe transporters (Klausner et al., 1993; Andrews, 1999; Gunshin et al., 2001) .
Available information indicates that each of the Fe transporters performs a different function within cells. TfR is a transmembrane glycoprotein consisting of two 90-kDa subunits each of which binds one transferrin molecule. TfR mediates cellular uptake of transferrin-bound Fe, which in most cells is by receptor-mediated endocytosis. Within cells, Fe is believed to be released from the transferrin-TfR complex in acidified endosomes with free ferric Fe reduced to ferrous Fe by ferrireductase (Bali et al.,1991; Sipe and Murphy,1991) . At the apical surface of absorptive cells in the duodenum, DMT1 functions to transport a number of divalent metal ions including Mn, Fe, copper (Cu), zinc (Zn) and cobalt (Co) into the cells by proton/metal symport (Gunshin et al., 1997) . MTP1 has been localized to the inner cell surface of enterocytes, macrophages, hepatocytes and Toxicology and Applied Pharmacology 230 (2008) 
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All three of these metal transporters are expressed in choroid plexus, providing potential sites of physiological and pathological regulation of Fe homeostasis in the central nervous system by other metals (Giometto et al., 1990; Gunshin et al., 1997; Wu et al., 2004) . Indeed, it has been suggested that abnormally high expression of TfR and DMT1 in the BCB could lead to an abnormally elevated Fe concentrations in the CSF of Mnexposed animals Li et al., 2005) . Previous studies with cultured choroidal epithelial cells showed that Mn exposure, enhances binding of IRP1 to IRE-containing mRNAs and increases the expression of DMT1 and TfR Li et al., 2005; Wang et al., 2006) . In this regard, the present study is focused on the effects of Mn and Fe exposure on the subcellular location and expression of DMT1, MTP1 and TfR in the rat choroid plexus, which may contribute to Mninduced disruption of Fe homeostasis in Mn Parkinsonism.
Methods

Materials.
Rabbit anti-rat-DMT1 antibody and rabbit anti-rat-MTP1 antibody was obtained from Alpha Diagnostic International (San Antonio, CA), mouse anti-human TfR antibody from ZYMED Laboratories Inc. (South San Francisco, CA), and Alexalabeled secondary antibodies from Molecular Probes (Eugene, OR). The specificity and selectivity of these antibodies have been tested in our previous publications (Li et al., 2005; Wang et al., 2006) . The enhanced chemiluminescene reagent (ECL) and ECL film were purchased from Amersham Biosciences (Piscataway, NJ). β-actin, dithiothreitol (DTT), 2-mercaptoethanol, phenylmethylsulfonyl fluoride (PMSF), polyacrylamide, tetramethyl-ethylenediamine (TEMED) and all chemicals were from Sigma Chemicals (St. Louis, MO). All reagents were of analytical grade, HPLC grade or the best available pharmaceutical grade.
Animals and treatment.
Adult male Sprague-Dawley rats (250-300 g) were euthanized by CO 2 inhalation. The top of the cranium was removed and choroid plexus tissue from both lateral ventricles was removed using a Dumont No. 5 forceps inserted into each hemisphere. Tissues were immediately transferred to an ice-cold, per-gassed (95% O 2 -5% CO 2 ) artificial cerebrospinal fluid (aCSF) consisting of (in mM) 103 NaCl, 4.7 KCl, 2.5 CaCl 2 , 1.2 KH 2 PO 4 , 1.2 MgSO 4 , 25 NaHCO 3 , 10 glucose, and 1 sodium pyruvate at pH 7.4 (Breen et al., 2002) . For Mn or Fe treatment, each plexus was incubated with shaking in the aCSF containing 1 and 10 µM MnCl 2 or FeSO 4 for 1 h at 37°C. In some experiments, choroid plexus tissues were also pre-treated with microtubule inhibitornocodazole (10 µM) or microfilament inhibitor-cytochalasin D (1 µM) for 10 min (Miller et al., 1999) to examine the role of cytoskeleton in Mn-induced transport trafficking. During all treatments, the aCSF was under a constant flow of 95% O 2 -5% CO 2 .
Immunocytochemistry.
Choroid plexus tissues were fixed with 3% paraformaldehyde/ 0.25% glutaraldehyde in phosphate buffered saline (PBS) for 10 min and permeabilized with 0.5% Triton X-100 for 30 min at room temperature followed by 5 washes with PBS. After blocking with 1% bovine serum albumin (BSA) in PBS for 30 min at room temperature, tissues were incubated with rabbit anti-DMT1 (1:10), rabbit anti-MTP1 (1:10) or mouse anti-TfR antibody (against DMT1 isoform I with IRE at transcripts) (1:100) in 1% BSA at 37°C for 60 min, washed with PBS with 1% BSA, and then incubated with Alexa-488 conjugated secondary antibody (1:500) in 1% BSA at 37°C for 60 min. After further washing in PBS with 1% BSA, tissue was transferred to covered Teflon microscope imaging chamber (Breen et al., 2002) for confocal microscopy. Negative controls were treated similarly except they were not exposed to primary antibody.
Confocal immunofluorescence microscopy.
To acquire images, the chamber containing the specimen was mounted on the stage of a Zeiss Model 510 inverted confocal laserscanning microscope and viewed through a 40× water-immersion objective (numeric aperture = 1.2), with a 488-nm laser line for excitation (Ar-ion laser), a 505 nm dichroic filter and a 510-nm long-pass emission filter. Low laser intensity was used to avoid photobleaching. First, tissues were examined under reduced transmitted-light illumination and an area containing undamaged epithelium and underlying vasculature was selected. Confocal images (512 × 512 × 8 bits, 4 frames averaged) were acquired and saved to disk. For each tissue sample, 5-10 areas of epithelium were selected for image collection. Data reported are the results of single experiments that are representative of three to four replicate experiments.
Quantitative real-time RT-PCR analyses.
Levels of DMT1, MTP1 and TfR mRNA were quantified using real-time RT-PCR as described previously (Walker, 2001 ; Wang et al., Fig. 1 . Immunohistochemical staining of DMT1, MTP1 and TfR in rat choroid plexus tissues. DMT1 was cytosol-distributed, much along the apical side as the arrow showed; MTP1 was diffusive in the cytoplasm and some on the brush border; and TfR was localized around nuclei in the form of clusters. None of them existed in the nucleus. Lower panel showed corresponding transmission image, indicating normal morphology of choroid plexus tissues.
2006). Briefly, total RNA was isolated from rat choroid plexus tissues using Tri-Reagent following the manufacturer's direction (Molecular Research Center, Cincinnati, OH). An aliquot (1 µg) of RNA was reverse-transcribed with MuLV reverse transcriptase (Applied Biosystems, Foster City, CA) and oligo-dT primers. The forward and reverse primers for selected genes were designed using Primer Express 2.0 software (Applied Biosystems, Foster City, CA). The ABsolute QPCR SYBR green Mix kit (ABgene, Rochester, New York) was used for real-time RT-PCR. Amplification was carried out in the Mx3000P Real-Time PCR System (Stratagene, La Jolla, CA). PCR run began with an activation step of 95°C for 15 min that was compatible with a hot start action. The PCR amplification phase consisted of 40 cycles of amplification using a plateau of 95°C for 30 s for denaturation, followed by a plateau of 60°C for 1 min for annealing, and a plateau of 72°C for 30 s for extension. A dissociation curve was used to verify that the majority of fluorescence detected could be attributed to the labeling of specific PCR products, and to verify the absence of primerdimers and sample contamination. All real time RT-PCR reactions were done in triplicate.
Primers sequences used for real-time RT-PCR were: for rat DMT1 using a forward primer 5′-CAG TGC TCT GTA CGT AAC CTG TAA GC-3′ and a reverse primer 5′-CGC AGA AGA ACG AGG ACC AA-3′ (Genbank Accession No. AF008439), which amplify one isoform of DMT1containing IRE; for rat MTP1 using a forward primer 5′-CCA CCT GTG CCT CCC AGA T-3′ and a reverse primer 5′-CCC ATG CCA GCC AAAAAT AC-3′ (Genbank Accession No. AF394785); for rat TfR using a forward primer 5′-CTA GTA TCT TGA GGT GGG AGG AAG AG-3′ and a reverse primer 5′-GAG AAT CCC AGT GAG GGT CAG A-3′ (Genbank Accession No. M58040); for rat glyceraldehydes-3-phosphate dehydrogenase (GAPDH), used as an internal control, using a forward primer 5′-CCT GGA GAA ACC TGC CAA GTA T-3′ and a reverse primer 5′-AGC CCA GGA TGC CCT TTA GT-3′ (Genbank Accession No. NM_017008). All the primers were synthesized from Sigma (Woodlands, TX).
The relative differences in gene expression between groups were expressed using cycle time (Ct) values. The Ct values of interested genes were first normalized with that of GAPDH in the same sample; the relative differences between control and treatment groups were then calculated and expressed as relative increases by setting the control as 100%. Assuming that the Ct value is reflective of the initial starting copy and that there is 100% efficiency, a difference of one cycle is equivalent to a two-fold difference in starting copy Wang et al., 2006) .
Western blot analyses of DMT1, MTP1 and TfR.
Western blot experiments were carried out as described previously . In short, following incubation, choroid plexus tissues were homogenized (1:10, wt/vol) on ice in a buffer containing 20 mM Tris (pH 7.5), 5 mM EGTA,1% TritonX-100, 0.1% SDS, 50 μM phenylmethylsulphonylfluoride (PMSF),15 mM 2-mercaptoethanol and a Protease Inhibitor Cocktail, composed of 500 μM 4-(2-Aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF),150 nM aprotinin,1 μM E-64, 0.5 mM EDTA, 1 μM leupeptin (Calbiochem, San Diego, CA). Samples were sonicated using Sonifer Model 250 at duty cycle 20% and output 4-6 for 30 pulses. Following centrifugation at 10,000 ×g at 4°C for 10 min, aliquots of supernatants were assayed for protein concentrations by the Bradford method. A volume of protein extract (50 µg of protein) was mixed with an equal volume of 6× sample buffer (0.35 M Tris-Cl, 10% SDS, 30% glycerol, 0.6 M DTT, 0.012% bromophenol blue), loaded onto a 10% SDS-polyacrylamide gel, electrophoresed, and then transferred to a PVDF membrane. The membrane was blocked with 5% dry milk in TBST (Trisbuffered saline) at room temperature for 1 h and immunoblotted with an antibody directly against DMT1 with IRE (1:500) or rabbit anti-rat-MTP1 antibody (1:500) or mouse TfR antibody (1:500). The membrane was stained with a horse-radish peroxidase (HRP)-conjugated goat anti-rabbit IgG or anti-mouse antibody (1:2000) at room temperature for 1 h and developed using ECL reagent and films. The exposure time varied from 30 s to a few min depending on signal strength. β-actin (42 kDa) (1:2000) was used as an loading control; the corresponding secondary antibody (1:3000) for β-actin was HRP-conjugated goat antimouse IgG. Band intensities were quantified using UN-SCAN-IT™ (Version 5.1) software (Silk Scientific Inc., Orem, Utah). Western blotting for all three transporters were done in triplicates.
Statistical analysis.
All data are expressed as mean ± SEM. The replicates of experiments conducted in the same animal were referred as n = 1; data from three or four animals were used for statistical analyses. Statistical analyses of the differences between groups were carried out by one-way ANOVA using the SPSS 12.0 statistics package for Windows. Differences between two means were considered significant when p was equal or less than 0.05.
Results
DMT1, MTP1 and TfR are expressed in rat choroid plexus tissues from immunocytochemistry
Immunocytochemistry in rat choroid plexus tissue revealed distinct staining patterns for the three Fe transporters (Fig. 1) . Staining for all three transporters was primarily intracellular, with only limited signal evident on the apical plasma membrane. No staining was found within nuclei. For DMT1, immunofluorescence was localized primarily in the region between the nucleus and the apical plasma membrane (Fig. 1A) . Staining for MTP1 seemed to be more diffuse and less polarized. Some signal was also found on the outer edge of the apical brush membrane (Fig. 1B) . Staining for TfR localized to the region around nuclei in what appeared to be clusters of vesicles (Fig. 1C) . Low panel in Fig. 1 shows the corresponding transmission images indicating normal morphology of choroid plexus tissues.
Exposure to Mn or Fe alters the subcellular distribution of MTP1 and TfR, but not DMT1 DMT1, MTP1 and TfR, exhibited different responses to Mn or Fe treatment. Exposure of choroid plexus for 1 h to 1 or10 µM Mn or Fe in aCSF did not noticeably affect the pattern of DMT1 staining (Fig. 2) .
In contrast, Mn exposure caused a shift in the pattern of MTP1 staining. This transporter now concentrated in the cytoplasmic space between nuclei and the apical plasma membrane. A time course study indicated that the movement of MTP1 occurred within 30 min of 100 μM Mn exposure; by 1 h, nearly all of MTP1 staining was found beneath the apical, brush border membrane (data not shown). This shift was evident at aCSF Mn concentrations as low as 1 µM and more pronounced with 10 µM Mn (Fig. 3) . With the latter Mn concentration, staining was visible within the microvilli of the apical plasma membrane (Fig. 3C) . Exposure of choroid plexus tissue for 1 h to 1 and 10 µM Fe resulted in a similar shift of MTP1 staining to the apical cytoplasm (Figs. 3E, F) . However, with Fe exposure, brush border staining was not as evident as with Mn exposure.
Exposure of choroid plexus tissue to 1-10 µM Mn (1 h) or 10 µM (2 h) Fe also caused a shift in the staining pattern for TfR (Fig. 4) . In controls, TfR was distributed in large, discrete structures surrounding the nucleus. With Mn or Fe exposure, these structures remained perinuclear, but they had moved to the apical cytoplasm.
Nocodazole and cytochalasin D abolishes the redistribution of MTP1 and TfR
These shifts of TfR were abolished when tissue was pretreated with nocodazole, a disruptor of microtubles (Fig. 5) or cytochalasin D, a disruptor of the actin cytoskeleton, suggesting cytoskeletal involvement in the process. Similar inhibition of redistribution was also found for MTP1 (not shown). Neither nocodazole nor cytochalasin D affected the distribution of TfR or MTP1 in control tissue.
Mn exposure increases mRNA and protein levels of TfR, but not DMT1 or MTP1
Quantitative real-time RT-PCR was used to determine the effect of Mn exposure on mRNA levels of DMT1, MTP1 and TfR. The amounts of mRNA for these transporters were normalized to that of GAPDH mRNA in the corresponding samples. Unlike our previous observation from immortalized choroidal epithelial Z310 cells , Mn exposure did not affect the mRNA level of DMT1 in isolated rat choroid plexus tissues (Fig. 6 ), neither did it alter MTP1 mRNA levels. However, Mn treatment at 10 µM for 1 h significantly increased TfR mRNA by 6 folds (p b 0.01, Fig. 6 ). Protein expression of these transporters was analyzed by Western blot. Following treatment of choroid plexus tissues with 10 µM of Mn for 1 h, a significant increase (37%) in cellular protein levels of TfR was observed, but the protein levels of DMT1 and MTP1 were unchanged (Figs. 7A, B) . Apparently, Mn exposure not only caused redistribution of TfR in the choroidal cells, but also increased the expression of TfR mRNA.
Discussion
In the present study, the immunostaining and confocal microscopy were first successfully used to visualize intracellular localization and translocation of three metal transport proteins in intact rat choroid plexus and to detect changes in their distribution after tissue was exposed to Mn or Fe. In tissue not exposed to metals, all three proteins were found within the epithelial cells. Both DMT1 and MTP1 were distributed diffusely within the cytoplasm, although for both one has the impression that they could have been contained in or on discrete structure, e.g., small vesicles (see for example Fig. 3 ). In contrast, TfR appeared to be within large vesicular structures that were distributed around nuclei. In control tissue, none of the metal transporting proteins exhibited detectable surface membrane localization as has been seen for DMT1 and MTP1 in other metal transporting tissues (Abboud and Haile, 2000; Tabuchi et al., 2002; Yang et al., 2002) . Based on these findings, one might speculate that if the transport proteins are indeed functional in control tissue they play a role in the intracellular distribution or trafficking of substrates rather than a direct role in uptake and efflux from the cells.
In vitro exposure of choroid plexus tissue to micromolar concentrations of Mn and Fe in aCSF did not affect DMT1 distribution, DMT1 mRNA or protein. In contrast, metal exposure caused both MTP1 and TfR to move towards the apical (CSF) pole of the epithelial cells, with some MTP1 stain becoming evident within the brush border membrane. For both proteins, a microtubule-disrupting agent, nocodazole, abolished the metal-induced shifts, suggesting cytoskeletal involvement. Interestingly, of the three metal transport proteins, only TfR exhibited any change in expression following metal exposure; both mRNA and protein levels were significantly increased. Note that the measured increase in TfR protein was only 37% and this change appeared to be too small to be evident with immunostaining.
These observations are novel and generate several important questions regarding to the metal transporters in choroid plexus. First, what is the physiological consequence of intracellular redistribution of metal transporters and how may this contribute to an increased CSF Fe concentrations seen in our early in vivo studies Li et al., 2006) ? Since DMT1 is primarily present in the apical side of the BCB facing the CSF, when the tissue was incubated with free Mn ions in the aCSF, DMT1 may function to take up metal ions in the CSF and transport them into the cells, leading to an elevated intracellular Mn concentration. The latter may trigger the intracellular trafficking of MTP1 toward the epithelial microvilli for the purpose of expelling the excess metal ions from the cells to the CSF as a part of the cell's defense mechanism against cellular overload of toxic metals (Fig. 8) . The same mechanism may come into play when the cells were exposed to Fe in the aCSF. Interestingly, the direction of cellular MTP1 trafficking is not toward the blood, but rather uniquely toward the CSF side of the choroidal epithelia. Thus, the function of MTP1 in the BCB appears likely to be associated with its mobilization of metal ions from the blood to the CSF.
The shift of TfR stains to the apical side of the cells could be a result of the endocytosis of TfR following the binding of transferrin-bound metals to TfR in tissues. Since in the current study we did not use transferrin-bound Mn or Fe and there was no transferrin present in the aCSF, the intracellular redistribution of TfR seemed unlikely due to transferrin-bound metals, but rather the cell's response to free metal ions. Our previous studies have shown that the upregulation of TfR by Mn exposure can be achieved by enhanced binding of IRP1 to TfR 3′-UTR IRE-containing mRNA (Li et al., 2005) . The active center of IRP1 contains a [4Fe-4S] cluster, with one labile Fe whose presence or absence in the cluster determines the IRP1 either as an Fe regulatory protein or as an enzyme involving in cellular energy production (Kennedy et al., 1983; Robbins and Stout, 1985) . In the Fe-deficient condition, IRP1 binds with a high affinity to 3′-IRE containing TfR mRNAs, stabilizes the expression of this transporter, and increases intracellular levels of TfR (Eisenstein and Blemings, 1998; Wilkie et al., 2003) . Toxic metal Mn may replace the fourth labile Fe in IRP1 structure, because Mn ions share several chemical and biochemical properties closely resembling Fe with regards to ionic radius, electrical charges in biological matrices, binding affinity to the carrier proteins, and subcellular accumulation in mitochondria (Zheng et al., 1998; Aschner et al., 1999; Chen et al., 2001) . Consequently, the binding stabilizes the protein translation and thus increases TfR expression as observed in this and our previous studies Zheng and Zhao, 2001; Li et al., 2004 Li et al., , 2005 . The move of TfR toward the apical side of the choroidal epithelia may reflect TfR's function to transport transferrin-bound Fe or Mn from an endogenously available transferrin pool. It is interesting to note that similar to MTP1, the direction of cellular TfR trafficking was toward the CSF. The difference may be that MTP1 expels excessive intracellular free metal ions while TfR moves intracellular transferrin-bound metals to the CSF. Fig. 8 illustrates the postulated regulatory mechanism. Upon Mn exposure from the CSF, the apical DMT1 may take up the metal from the aCSF into the cells. As a protective measure, MTP1 reacts to expel overloaded Mn back to the CSF. Elevated intracellular Mn concentration, on the other hand, increases the translational expression of TfR by interacting with the [Fe-S] cluster of IRPs, leading to a TfR-mediated intracellular transport of transferrin-bound metals including Fe to the CSF. The endpoint of transporters' intracellular trafficking is the reduction of Fe uptake from the CSF and an increase of Fe in the CSF. Our recent ventriculo-cisternal brain perfusion study performed on sub-chronically Mn-exposed rats (6 mg Mn/kg ip for 30 days) revealed a declined uptake of infused 59 Fe by the choroid plexus and an increased Fe level in the CSF outflow (data unpublished; manuscript in preparation). Thus, the intracellular trafficking of these transporters may explain, at least partially, a preferred direction of Fe transport, from the blood to the CSF, by the BCB, as the similar translocation has been reported in intestine (Ma et al., 2006) . It is also possible that the redistribution of these transporters in the cytoplasm is the cell's response in order to sequester excess metals from the CSF. With the increase of Mn/Fe concentrations in the CSF, TfR may become functionally active through the process of involving itself in moving transferrin-bound Fe in the cells. The released metal ions from TfR or free cellular ions are then further acquired by MTP1, favored by its presence on the microvilli. As a consequence, excess metal stress in the CSF may be relieved by the coordinated translocation of these transporters as a part of the defense mechanism to protect the homeostasis of the CSF.
The second important implication from this study is the subcellular redistribution of these transporters. Previously in rat choroid plexus studies, the release of quinacrine-loaded vesicles is markedly reduced by microtubule disruptor nocodazole (Miller et al., 1999 ). In the current study, pretreatment of choroid plexus tissues with nocodazole and cytochalasin D (a microfilament inhibitor) effectively blocked Mn exposure-induced intracellular trafficking of TfR and MTP1, respectively. This observation indicates that both microtubules and microfilaments are involved in the subcellular redistribution of metal transporters. The questions as to how metals activate microtubules and microfilaments, what signals guide the direction of transporters' trafficking, and whether or not it is associated with the regulation in IRE-containing mRNAs, are unanswered and deserve further investigation.
Noticeably, the early changes we observed in these proteins may only be initial events that may not be related to the final states of transport. More research is needed to explore the involvement of other transporters in the final transport characteristics of the tissue. Furthermore, freshly extracted choroid plexus tissues used in the present study provides an intact choroid plexus structure, which is ideal for epithelial uptake studies. However, this may not be a direct reflection of animal tests due to the differences between in vitro and in vivo study.
In conclusion, our study demonstrates that under the normal physiological condition, MTP1 in the blood-CSF barrier of the choroid plexus functions to transport excess amounts of Mn or Fe from the cells to the CSF. TfR appears to transport transferrin-bound Mn or Fe from the blood toward the CSF. Following Mn or Fe treatment, the redistribution of MTP1 and TfR in the choroidal epithelia were distributed toward the CSF. The effect of Mn on TfR overexpression and translocation seems likely to be mediated by increased translational expression of TfR. The unique intracellular trafficking of metal transporters toward the CSF side of the BCB following Mn exposure may underlie Mn-induced Fe imbalance between the blood and the CSF.
